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Differential Regulation of White-Opaque Switching by Individual
Subunits of Candida albicans Mediator
Anda Zhang, Zhongle Liu, Lawrence C. Myers
Department of Biochemistry, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire, USA

The multisubunit eukaryotic Mediator complex integrates diverse positive and negative gene regulatory signals and transmits
them to the core transcription machinery. Mutations in individual subunits within the complex can lead to decreased or increased transcription of certain subsets of genes, which are highly specific to the mutated subunit. Recent studies suggest a role
for Mediator in epigenetic silencing. Using white-opaque morphological switching in Candida albicans as a model, we have
shown that Mediator is required for the stability of both the epigenetic silenced (white) and active (opaque) states of the bistable
transcription circuit driven by the master regulator Wor1. Individual deletions of eight C. albicans Mediator subunits have
shown that different Mediator subunits have dramatically diverse effects on the directionality, frequency, and environmental
induction of epigenetic switching. Among the Mediator deletion mutants analyzed, only Med12 has a steady-state transcriptional effect on the components of the Wor1 circuit that clearly corresponds to its effect on switching. The MED16 and MED9
genes have been found to be among a small subset of genes that are required for the stability of both the white and opaque states.
Deletion of the Med3 subunit completely destabilizes the opaque state, even though the Wor1 transcription circuit is intact and
can be driven by ectopic expression of Wor1. The highly impaired ability of the med3 deletion mutant to mate, even when Wor1
expression is ectopically induced, reveals that the activation of the Wor1 circuit can be decoupled from the opaque state and one
of its primary biological consequences.

E

pigenetic gene expression states require mechanisms that encode the state at specific loci, facilitate the stable inheritance of
that state through cell division, and provide for a transcriptional
readout. Feedback loops, DNA methylation, and chromatin modification and higher-order chromatin structure are among the features associated with epigenetic states (1–3). Bistable switches
tend to be unidirectional in metazoan cells during development.
In unicellular organisms, these switches are usually metastable
(bidirectional) and are thought to provide an adaptive advantage
in an ever-changing host environment (4–6). A combination of
DNA-bound transcription factors, noncoding RNAs, local chromatin landscape, and coregulatory complexes specifies the gene
expression patterns that define the physiology and morphology
associated with an epigenetic state. Mediator is a central eukaryotic coregulatory complex that has also been implicated in the
silencing of epigenetic states.
Transcription in purified and extract-based systems, in vivo
studies, and cell-based assays have revealed that Mediator can be a
critical functional/physical intermediary between DNA-bound
activators and the core transcription machinery in all eukaryotes
(7, 8). Saccharomyces cerevisiae Mediator (scMediator) has structurally distinct modules referred to as Tail, Middle, Head, and
Cdk8 (9–12). Purification and characterization of Candida albicans Mediator (caMediator) (13) showed that the caMediator
complex has a composition and architecture similar to that of
scMediator. Certain scMediator subunits are critical for the activation of specific sets of genes (14, 15), and the Tail module has
been shown to be a direct target of activation domains (16–19).
Transcriptional profiling in vivo has shown that other subunits are
essential for transcription of virtually all genes (20). Work in S.
cerevisiae has also pointed to a role for several Mediator subunits
in transcriptional repression and silencing that likely involves
chromatin (21–27).
A specialized class of subunits, mainly in the Middle module
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and on the interface of the Middle and Tail modules, appears to
have a primary role in regulating silencing and chromatin in S.
cerevisiae. Although the Cdk8 module is clearly involved in transcription repression (15, 28), this functionality appears to be separable from those regulating chromatin, silencing, and certain
forms of repression (24, 26, 29). Mutations in med16 (sin4) and
med14 (rgr1), which lead to derepression of a subset of genes potentially through an epigenetic mechanism (30), are accompanied
by gross alterations in chromatin structure in vivo (22, 31).
Recently published work revealed that telomerically bound
scMediator was required for the establishment of heterochromatin and the silencing of telomeric reporter genes (23, 26, 27,
29). This work showed that deletion of specific Mediator subunits,
but not others, resulted in a decrease in Mediator occupancy at
telomeres that was accompanied by a loss in heterochromatin and
silencing (26). Mediator appears to be targeted to telomeric chromatin through direct interactions with the tails of histones H3 and
H4 (27). This affinity of Mediator for H4 can be decreased by
lysine acetylation of the H4 tail. Specifically, Mediator associates
in vitro and in vivo with H4 tails lacking acetylation at K16, the
hallmark of telomeric heterochromatin (27). This work suggests
that Mediator-chromatin interactions are on the pathway leading
to telomeric heterochromatin. Since telomeric silencing is a classical but highly specialized model for epigenetic silencing, we de-
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cided to adopt C. albicans white-opaque switching to study the
mechanism of Mediator-facilitated stabilization of epigenetic
states within a defined biological pathway.
Under certain conditions, genetically identical C. albicans cells
can exist in two different morphological states, white and opaque
(32). Phenotypic/morphological transitions in C. albicans are critical to the virulence and basic biology of this fungal human pathogen. The clearest biological impact of white-opaque switching in
C. albicans is on its sexual cycle, as only opaque cells can mate (33).
The white and opaque states can arise spontaneously and are inherited over ⬃104 generations (32). Environmental conditions
can regulate the switching frequency in a directional manner, but
once established, the state can be inherited in the absence of the
signal (34, 35). Hence, white-opaque switching can be defined as
an epigenetic phenomenon. The white and opaque morphologies
have distinct transcriptional states consisting of over 1,000 differentially regulated transcripts (36). The heart of the transcriptional
circuit that governs these two states is a master regulator called
Wor1. Wor1 is a fungus-specific DNA-bound transcription factor
(37) whose expression is at a high level in the opaque state but
silenced in the white state. Wor1 is required for the switch from
the white state to the opaque state and is part of an interlocking
feedback loop in which it binds and activates its own promoter
(38–41). The white-opaque switching model has wide-ranging
significance. Although the impact of white-opaque switching on
C. albicans virulence is unclear (42, 43), Wor1 orthologs in other
fungal pathogens of mammals (44) and plants (45–47) are clearly
determinants of virulence. Meta-analysis has shown that the architecture and stability of the white-opaque transcriptional circuit
share many properties with those of the Oct4 circuit, which governs the pluripotency and differentiation of mouse embryonic
stem cells (36).
Wor1 drives white-opaque switching by binding at a wide variety of other loci throughout the genome—some that it activates
and others that it represses (37, 40). Wor2, another transcription
factor, is part of an interlocking positive-feedback loop with Wor1
and is required for the switch from white to opaque. On the other
hand, the Efg1 transcription factor is part of an interlocking negative-feedback loop with Wor1, and the white state is highly unstable in its absence (41). A working model based on these studies
posits that the epigenetic heritability of the opaque state derives
from the Wor1 protein that is passed on to daughters during mitosis (42). In this model, switching originates from stochastic fluctuations in the amount of Wor1 above or below certain thresholds. In principle, the actual mechanistic Wor1 threshold could be
anywhere along the pathway leading to Wor1 expression, from the
status of chromatin in the promoters of key regulators of the circuit to their transcript or protein stability. Though many transcription networks utilize positive-feedback loops (48), few of
them have documented heritably stable transcriptional states similar to those of the Wor1-driven circuit. Several recent studies have
identified a key role for chromatin structure and dynamics in
white-opaque switching (49–52). Given the connection between
Mediator and telomeric heterochromatin and silencing in S.
cerevisiae, we sought to determine whether C. albicans Mediator
affects the bistability of gene expression in the white and opaque
states.
Consistent with the idea that different parts of Mediator play
highly specific roles in the stability of epigenetic transcription
states, we have found that different subunits of C. albicans Medi-
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ator have diverse effects on the direction and frequency of whiteopaque switching. For most of the mutants, the impact is likely
happening through a mechanism that involves something other
than a direct effect on the steady-state mRNA levels of the key
components of the Wor1 transcriptional circuit in the final states.
In addition, our analysis of the Med3 deletion mutant has shown
that the Wor1 transcription circuit can be decoupled from its
phenotypic output.
MATERIALS AND METHODS
Media and growth conditions. C. albicans was routinely grown at 25°C in
synthetic complete (SC) media (SC⫹Glu) (6.7 g/liter yeast nitrogen base
[Difco/BD], 2 g/liter complete amino acid mix minus uracil [US Biological], 20 g/liter dextrose, 0.2 mM uridine, 0.1 M ZnOAc [buffered with
20 mM K2HPO4/KH2PO4 to pH 6.8]) or at 30°C in YPD media (10 g/liter
yeast extract, 20 g/liter peptone, 20 g/liter dextrose). To induce ectopic
WOR1 expression, 20 g/liter maltose (Mal) was added instead of glucose.
For cells growing on solid media, 2% agar plates were used.
Plasmid and strain construction. The complete lists of C. albicans
strains, primers, and plasmids used in this study are shown in Table S1,
Table S2, and Table S3 in the supplemental material. Most strains, except
where noted, were derived from the SN152 (53) MTLa/a strain. The specific open reading frames (ORFs) of Mediator subunit genes were previously identified (13). Mediator subunit single gene deletions (med5⌬/
⌬, med9⌬/⌬, med1⌬/⌬, med16⌬/⌬, med3⌬/⌬, med15⌬/⌬, med20⌬/⌬,
med12⌬/⌬) were created by using the C. maltosa LEU2 and C. dubliniensis
HIS1 fusion PCR cassettes as described by Noble and Johnson (53). For
each Mediator homozygous mutant, at least 4 independent strains derived
from 2 independent heterozygous mutants were tested in switching assays. To complement the mutant strain, a region containing the upstream
sequence and the complete ORF of a Mediator gene was amplified with the
appropriate “complement 5= F” and “complement 5= R” primer pair, and
the downstream region was amplified with the appropriate “complement
3= F” and “complement 3= R” primer pair. The upstream sequence and the
complete ORF of MED12 were amplified in two parts due to its large size.
The upstream/ORF PCR product and the downstream PCR product were
double digested with enzymes listed together with the primers in Table S2.
The two products were inserted sequentially into plasmid pSN69 (53),
generating the complementation plasmid as shown in Table S3. This complementation cassette was then linearized and transformed into the mutant strain for complementation. At least 3 independent complemented
strains for a single Mediator mutant were analyzed. The strains with ectopically expressed Wor1 were created as described by Stevenson and Liu
(51) using a PMAL2-WOR1-3HA cassette. At least 3 independent Wor1overexpression strains for each of the wild-type (WT) and Mediator mutant strains were analyzed.
White-opaque switching assay. The white-opaque switching assay
at 25°C was performed as previously described (38). Briefly, white cells
from a frozen stock were streaked onto SC⫹Glu plates for 4 to 5 days
of pregrowth at 25°C. Three or four pure white colonies were resuspended in water and plated onto SC⫹Glu⫹(5 g/ml) phloxine B
plates at a density of approximately 100 cells per plate. After approximately 6 to 7 days of growth at 25°C, the white-opaque switching
frequency was scored as the percentage of single colonies that were
opaque or had at least one opaque sector. The opaque-white switching
assay was performed starting with pure opaque single colonies following a procedure similar to that described above. The induced opaquewhite switching assay at 37°C was performed as described previously
(54) with modifications. Freshly grown pure opaque colonies were
inoculated into 2 ml SC⫹Glu liquid media for vigorous growth at 25°C
for 4 h. The opaque cell culture at an optical density at 600 nm (OD600)
of 1 was then diluted with prewarmed SC media to 8 ml at 37°C and
grown on a roller drum for 9 h. Every 1.5 h, a 5-ml aliquot of the
culture was pulled out for analysis and 5 ml fresh prewarmed SC media
was added back to promote a constant growth rate (Matthew Lohse,
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personal communication). Cells were plated onto SC⫹Glu⫹phloxine
B plates, and the total number of colonies and the number of white
colonies were counted after 5 days of incubation at 25°C.
Purification of the med16⌬/⌬ Mediator. A 6⫻His-Flag tag was appended to the C terminus of the Med8 subunit in a WT strain (BWP17)
and med16⌬/⌬ strain (AZC34) and to the C terminus of Med15 in a
med16⌬/⌬ strain (AZC34) as previously described (13). To each of these
strains, a hemagglutinin (HA) tag (55) was appended to the C terminus of
Med3 to yield doubly tagged Med8-6⫻His-Flag/Med3-HA WT (cTTR03)
and med16⌬/⌬ (cTTR04) strains and a Med15-6⫻His-Flag/Med3-HA
med16⌬/⌬ (cTTR05) strain. Mediator was purified to homogeneity from
each of these strains and analyzed as previously described (13).
RNA isolation and RT-qPCR. Cultures were grown in SC⫹Glu media
at 25°C starting from fresh and pure white or opaque colonies and harvested by centrifugation at an OD600 of approximately 1 to 2. For Mal
induction, cells were grown in SC⫹Glu media for 3 h to an OD600 of 0.2,
washed once with SC⫹Mal media, and harvested after 6.5 h growth in
SC⫹Mal media. Pellets were washed once in double-distilled water
(DDW) and flash-frozen in liquid nitrogen. Cells were lysed in 600 l RTL
buffer (RNeasy Minikit; Qiagen) by two rounds of bead beating (MiniBeadbeater-16; BioSpec Products) for 1 min separated by 2 min cooling
on ice. Following cell lysis, total RNA was extracted and purified following
the manufacturer’s protocols. About 1 g of total RNA was treated with
rDNase (Ambion) for 30 min at 37°C and then used in reverse transcription (RT) (iScript cDNA synthesis kit; Bio-Rad). cDNA amplification was
performed by real-time PCR with SYBR green (Bio-Rad) on a Bio-Rad
Q7500 cycler. The RT-quantitative PCR (RT-qPCR) primers for EFG1,
CZF1, and WOR1-3HA (see Table S2 in the supplemental material) were
designed using Beacon Designer 6 (Premier Biosoft).
Immunoblotting. Cultures were grown in SC⫹Glu or SC⫹Mal media to an OD600 of 1 to 2 and harvested by centrifugation as described
above. Pellets were washed once in DDW and lysed in ESB (1% SDS, 1%
2-mercaptoethanol, 15% glycerol, 0.01% bromophenol blue, 50 mM
Tris-HCl, pH 6.8) with boiling followed by 5 min of bead beating. Western blotting was performed using the following primary antibodies: rabbit
anti-Wor1 antibody (kindly provided by the Johnson laboratory) (40),
mouse anti-HA.11 antibody (MMS-101R; Covance), rat anti-tubulin alpha antibody (MCA78G; AbD Serotec), mouse anti-Flag antibody (M2;
Sigma), and rabbit anti-caMed1 antibody (13). Secondary antibodies
were alkaline phosphatase conjugated and were used with a fluorescent
substrate (ECF; GE Healthcare). Quantitative gel analysis was performed
using ImageJ64 (NIH).
Quantitative mating assay. Mating assays were performed as described previously (56) with modifications. Pure white and opaque colonies were inoculated into SC⫹Glu or SC⫹Mal liquid media for approximately 3 to 5 h of growth at 25°C to an OD600 of 2. Cells were then
harvested, and 0.4 OD of MTL ␣/␣ cells and 0.6 OD of a/a cells were mixed
in 300 l DDW. The cell mixture was spotted onto YPD–55 g/ml adenine or YPMal–55 g/ml adenine plates for mating at 25°C. After 3 days,
the lawn of cells was scraped from the plate and resuspended in DDW.
Since the strains were not filamentous, filter discs were not necessary.
After cell aggregates were broken up by vigorous vortexing and pipetting,
cells were diluted and plated onto selective plates (SC-Arg plates for ␣ ⫹
a/␣ cells and SC–Arg-His plates for a/␣ cells). After 3 days of growth at
25°C, colony formation on each plate was counted and the mating efficiency was calculated as (a/␣)/(␣ ⫹ a/␣).

RESULTS

Mediator subunits differentially regulate the direction and frequency of white-opaque switching. Studies in C. albicans have
recently shown that certain Mediator subunits play regulatory
roles in cytokinesis, stress response, germ tube formation, filamentous growth, and virulence (13, 57). However, Mediator’s impact on the regulation of white-opaque switching had never previously been investigated. Here we have constructed a series of C.
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TABLE 1 Differential effects of Mediator subunits on white-opaque
switchinga
White to opaque
switching

Opaque to white
switching

C. albicans strain

Frequency
(%)

n

WT (a/a)
med5⌬/⌬
med9⌬/⌬
med1⌬/⌬
med16⌬/⌬
med3⌬/⌬
med15⌬/⌬
med20⌬/⌬
med12⌬/⌬
med9⌬/⌬-MED9
med1⌬/⌬-MED1
med16⌬/⌬-MED16
med3⌬/⌬-MED3
med15⌬/⌬-MED15
med20⌬/⌬-MED20
med12⌬/⌬-MED12

4.5 ⫾ 0.2
6.9 ⫾ 1.3
20.3 ⫾ 5.3*
17.3 ⫾ 4.0*
19.3 ⫾ 5.6*
⬍10⫺4***
⬍10⫺4***
73.4 ⫾ 11.8**
0.6 ⫾ 0.3***
3.2 ⫾ 0.8
4.2 ⫾ 1.5
3.3 ⫾ 1.8
4.7 ⫾ 1.2
5.1 ⫾ 1.3
6.3 ⫾ 3.1
6.8 ⫾ 2.6

1,917
1,266
1,382
1,138
1,989
3,055
2,000
1,587
2,780
1,215
1,118
1,457
1,312
1,057
1,491
959

Frequency
(%)

n

11.2 ⫾ 1.9
11.8 ⫾ 4.0
22.2 ⫾ 4.8*
2.2 ⫾ 0.8*
54.5 ⫾ 6.9*

1,059
1,299
1,091
1,103
1,106

2.9 ⫾ 1.0**
93.3 ⫾ 2.3***
8.7 ⫾ 4.2
9.2 ⫾ 5.1
8.0 ⫾ 2.5
9.3 ⫾ 1.8
8.5 ⫾ 2.3
6.4 ⫾ 2.9
4.5 ⫾ 0.9

1,112
1,191
976
1,077
935
1,067
1,135
1,048
1,400

a
*, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001 (relative to WT; Student’s t test). Frequency,
the percentage of the colonies that showed an alteration of the original phenotype, is
displayed as means ⫾ SD of the results of three independent experiments carried out
with the same strain. n, total number of colonies counted for each strain. Independently
derived mutants and complemented strains showed similar results (data not shown).

albicans strains, in which genes encoding Mediator subunits (13)
had been deleted, to determine how and if individual subunits
regulated the directionality and frequency of white-opaque
switching. To identify subunits encoded by nonessential genes in
C. albicans, we drew upon the analysis of the orthologous Mediator genes in S. cerevisiae. All of the nonessential S. cerevisiae Mediator orthologs that we analyzed in C. albicans (see below) were
also nonessential. The Mediator genes we chose to delete fell into
four categories: subunits in the Tail module (MED5, MED16,
MED3, MED15); subunits in the Middle module (MED1, MED9);
a subunit in the Cdk8 module (MED12); and a subunit in the
Head module (MED20) (13, 58, 59). We performed quantitative
switching assays on these single mutants and compared both their
white-opaque and opaque-white switching frequencies to those
seen with a WT strain. Except for the med5⌬/⌬ strain, all Mediator
deletion mutants tested showed significant changes in switching
frequency compared to the WT (Table 1 and Fig. 1). The med1⌬/⌬
mutant and med20⌬/⌬ mutant strains showed an increase in the
white-opaque switching frequency, but a decrease in the opaquewhite switching frequency, consistent with the idea that the
opaque state is stabilized relative to the white state in these strains.
The med12⌬/⌬ mutant strain showed the opposite trend in
switching frequency. This strain possessed a dramatically decreased white-opaque switching frequency accompanied by a very
high (93%) opaque-white switching frequency. Opaque cells were
never observed in the med3⌬/⌬ or med15⌬/⌬ strain, even under
conditions of CO2 induction (see below), using either colony or
single-cell morphology as a criterion. Previously, the inability to
switch from the white state to the opaque state was observed only
in the wor1⌬/⌬ mutant (38–40), wor2⌬/⌬ mutant (41), myo5⌬/⌬
mutant (60), and sla2⌬/⌬ mutant (60). In these mutants, the master regulation circuit was broken either by the absence of essential
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FIG 1 Graphical summary of C. albicans Mediator subunit architecture and the impact of deletion mutants on white (W)-opaque (O) switching as described in
detail in Table 1. The architecture of the C. albicans Tail module is based on published data (13) and data presented here, while the remainder is modeled on the
structure of the S. cerevisiae complex (9).

players or by the disruption of the cytoskeleton. The med9⌬/⌬ and
med16⌬/⌬ strains belonged to a small class of mutants that displayed increased switching frequencies in both directions. Thus,
Med9 and Med16 might play important roles in the stability of
both the white state and opaque state. To confirm that the observed effect on switching was due solely to the Mediator mutation, we complemented each Mediator mutant at its original locus. Each complemented strain showed rescue of WT switching
frequencies (Table 1). The observed differences in white-opaque
switching between Mediator mutants suggest that Mediator can
play both positive and negative roles in the regulation of whiteopaque switching. To address the concern that stress induced by
these mutants may have indirectly affected switching frequency
(61), we analyzed the growth rates of both white and opaque cells
of these strains under different growth conditions. The mutant
and WT strains had comparable doubling times under all conditions used in our study (see Table S4 in the supplemental material)
and had similar sensitivities to temperature stress (16°C and
37°C), oxidative stress (H2O2), salt stress (NaCl), and membrane
integrity stress (SDS) (data not shown). Therefore, the switching
phenotypes of Mediator mutants appear to be tightly related to the
direct function of the complex in switching.
Differences in switching among the med3⌬/⌬, med15⌬/⌬,
and med16⌬/⌬ strains are consistent with a subunit rearrangement within the C. albicans Tail module versus that of S. cerevisiae. The architecture of the S. cerevisiae Mediator Tail module has
the Med16 subunit serving as a bridge between the Med2, Med3,
and Med15 submodule and the rest of the complex via Med14
(58). In Mediator purified from S. cerevisiae med16⌬ strains,
Med2, Med3, Med5, and Med15 become dissociated from the
main complex (23). It was surprising that the med3⌬/⌬ and
med15⌬/⌬ strains could not switch to opaque when Med3 and
Med15 were dissociated from the complex in the med16⌬/⌬
strain, which showed an increased white-opaque switching frequency. Hence, we asked whether the C. albicans Mediator Tail
module had a different architecture from the S. cerevisiae complex. Purifying Mediator from a med16⌬/⌬ C. albicans strain with
a 6⫻His-Flag tag on Med8 and an HA tag to monitor the presence
of the Tail module demonstrated that deletion of Med16 did not
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lead to dissociation of the Med2, Med3, and Med15 submodule
(Fig. 2). Taking those results together with our previous purification of the C. albicans med3⌬/⌬ Mediator, in which the entire Tail
module (including Med2, Med3, Med5, Med15, and Med16) was
lost (13), there appears to have been a “rewiring” of the proteinprotein interactions in the C. albicans Tail module during evolution. The combination of the switching (Table 1) and structural
(Fig. 2) data for med16⌬/⌬ Mediator supports the idea that Med16
and Med5 represent a physically and functionally separable submodule of the Tail module in C. albicans (Fig. 1).
Impact of Mediator mutants on environmentally induced
white-opaque switching. White-opaque switching frequency can
be regulated by exposure to different environmental conditions.
In principle, “spontaneous” switching could arise from “intrinsic”
transcriptional noise in the Wor1 transcription circuit or from
“extrinsic” noise in the signaling pathways that regulate switching,
which would then lead to fluctuations in the Wor1 circuit. Hence,
mutants that affect switching frequency could arise either from a
direct effect on the transcriptional mechanisms regulating the
Wor1 transcription circuit or by affecting the environmental signaling pathways that regulate the Wor1 circuit. Stimulation of
white-opaque switching by CO2 and stimulation of opaque-white
switching by growth at 37°C are among the best-documented conditions that affect switching (62, 63). To determine whether the
signaling pathways leading to white-opaque switching were impacted in Mediator mutants, we measured opaque-white switching frequency at 37°C and white-opaque switching frequency in
the presence of 5% CO2. Measuring switching frequency at 37°C
affords the ability to monitor the kinetics of switching after the
temperature of the liquid culture hosting the cells is raised from
25°C to 37°C (54). The med5⌬/⌬ mutant strain, which did not
affect opaque-white switching frequency (Table 1) compared to
the WT, exhibited kinetics of switching identical to those seen
with the WT at 37°C (Fig. 3). The med1⌬/⌬ and med20⌬/⌬ mutant strains, which both exhibited a decreased spontaneous
opaque-white switching frequency (⬃2%; Table 1), showed a delay in the kinetics of switching from opaque to white at 37°C (Fig.
3). The med1⌬/⌬ mutant exhibited an ⬃1.5-h delay in the T50
(time to reach 50% white cells in the population, termed the
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FIG 3 Kinetics of temperature-induced opaque-white switching in Mediator
mutant strains. Opaque cells of WT and Mediator mutant strains growing in
SC⫹Glu media, shifted from 25°C to 37°C, were removed every 1.5 h for
analysis. The percentage of opaque cells that had switched to white (y axis) was
calculated as the ratio of the fraction of opaque cells at each time point relative
to the fraction of opaque cells at the starting time point (0 h), which was usually
close to 100%. Data were plotted as means ⫾ standard deviations (SD) of the
results of three independent experiments with more than 1,500 colonies
counted in total for each strain.

FIG 2 The Med2(Tlo)/Med3/Med15 Tail submodule of caMediator remains associated with the Middle and Head modules in a med16⌬/⌬ strain.
(A) Silver stain gels of Mediator purified from WT (Med8-6⫻His-Flag,
Med3-3XHA) (lane 1), med16⌬/⌬ (Med8-6⫻His-Flag, Med3-3XHA) (lane
2), and med16⌬/⌬ (Med15-6⫻His-Flag, Med3-3XHA) (lane 3) strains. To
obtain adequate resolution over the entire molecular mass range, we show
panels from 6%, 7.5%, and 12.5% SDS-PAGE from top to bottom. (B)
Western blot of the three samples analyzed as described for panel A, showing equal recoveries of Med3-HA (anti-HA) in WT and mutant Mediator
using purification tags on Med8 or Med15. An antibody against caMed1
served as the recovery control.

“commitment point”) (54) compared to the WT, while the
med20⌬/⌬ mutant exhibited a delay of greater than 4.5 h. The
med1⌬/⌬ mutant had a delay similar to that observed in a
heterozygous knockout of the white state-specific transcription
factor EFG1 (54). Despite having similar spontaneous opaquewhite switching frequencies, the med20⌬/⌬ mutant had a substantially longer delay in switching. This finding suggested that Med20
may positively regulate a step in the signaling pathway that leads
from a shift to 37°C to shutting down the Wor1 transcription
circuit. Among the mutants that led to an increased spontaneous
opaque-white switching frequency, we observed a variety of effects on the kinetics of switching from opaque to white at 37°C.
The med12⌬/⌬ mutant had an almost 90% rate of spontaneous
switching from opaque to white (Table 1). Consistent with this
effect, the med12⌬/⌬ mutant advanced the T50 ⬃1.5 h versus that
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of the WT (Fig. 3). This number was similar to the advancement in
the T50 observed in a heterozygous knockout of the opaque statespecific transcription factor WOR1 (54). This similarity was consistent with the finding that the amount of Wor1 and Wor2 expressed in the opaque phase in the med12⌬/⌬ mutant was
substantially smaller than the WT amount (Fig. 4A). In contrast to
the med12⌬/⌬ strain, the med16⌬/⌬ and med9⌬/⌬ mutant strains
showed kinetic profiles of opaque-white switching at 37°C that
differed from their impact on spontaneous opaque-white switching frequency. Despite a high spontaneous opaque-white switching frequency in the med16⌬/⌬ strain (⬃55%; Table 1), the kinetics of opaque-white switching at 37°C in the med16⌬/⌬ and WT
strains were nearly identical (Fig. 3). This result suggests that, at
25°C, Med16 may antagonize a step in the signaling pathway that
leads to opaque-white switching at 37°C. The med9⌬/⌬ mutant
displayed a modest increase in the spontaneous opaque-white
switching frequency (⬃22%; Table 1) but surprisingly displayed a
delayed T50 compared to the WT (Fig. 3). A potential explanation
for this disparity may be that the med9⌬/⌬ mutant Mediator became less stable at 37°C, which led to a differential impact on
Mediator function in opaque-white switching at 37°C versus
25°C.
We determined the switching frequency on plates in the presence of 5% CO2 to investigate the effect of Mediator mutants
under conditions that stimulate white-opaque switching. Similar
to previous observations (62), exposure to CO2 led to an almost
40-fold increase in switching frequency in the WT strain (Table 2).
The switching frequency under conditions of induction was close
to 100% in the WT strain as well as in the mutants that led to
increased spontaneous white-opaque switching. Hence, it was not
possible to determine whether the increases in spontaneous
switching frequency in these mutants originated from stimulating
the CO2 signaling pathway. It is more useful to look at CO2-in-
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FIG 4 Steady-state mRNA and protein levels of key transcriptional regulators of white-opaque switching. (A) RT-qPCR analysis of the mRNA levels of WOR1,
EFG1, WOR2, and CZF1 in white and opaque cells growing in SC⫹Glu media. The qPCR was performed in triplicate. Results were normalized to ACT1. The
amount of transcript in each mutant was compared to that in the WT white or opaque cells using a t test. Bars represent means ⫾ SD. *, P ⬍ 0.05; **, P ⬍ 0.01;
***, P ⬍ 0.001. (B) Immunoblotting shows that the Wor1 protein level increased in med3⌬/⌬ mutant strain white cells relative to the level in WT and other
Mediator mutant cells. Tubulin was used as a loading control. (C) Diagram of the interlocking loop that regulates white-opaque switching (modified from PLOS
Biology [41]). Dashed lines indicate regulatory controls active in the white state, and solid lines indicate regulatory controls active in the opaque state.

duced switching in the med3⌬/⌬, med15⌬/⌬ and med12⌬/⌬ mutant strains, which have decreased spontaneous white-opaque
switching. CO2 induction did not lead to white-opaque switching
in the med3⌬/⌬ strain and med15⌬/⌬ strain, consistent with the
idea that the opaque state is unstable in these strains. However,
CO2 induction was able to stimulate the impaired spontaneous
white-opaque switching in the med12⌬/⌬ strain and resulted in a
fold increase similar to that seen with the WT (Table 2). This
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finding is consistent with the idea that the decrease in spontaneous
white-opaque switching in the med12⌬/⌬ strain is not a result of
impaired CO2 signaling but is rather a direct effect on the transcriptional activation of the Wor1 circuit.
Steady-state mRNA expression levels of key regulators in
white-opaque switching are affected only in select Mediator
mutants. White-opaque switching is under the tight regulation of
an interlocking feedback loop composed of the four transcription
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TABLE 2 CO2-induced white to opaque switching of Mediator
mutantsa

TABLE 3 The induction of altered morphologies by ectopic expression
of WOR1 and their stability in the med3⌬/⌬ and med12⌬/⌬ mutant
strainsa

Strain

Switching
frequency (%)

n

Value for colonies

WT
med5⌬/⌬
med9⌬/⌬
med1⌬/⌬
med16⌬/⌬
med3⌬/⌬
Med15⌬/⌬
med20⌬/⌬
med12⌬/⌬

94.9 ⫾ 2.7
86.3 ⫾ 6.2
97.6 ⫾ 2.9
96.7 ⫾ 1.1
78.8 ⫾ 9.5
⬍10⫺4***
⬍10⫺4***
100
19.7 ⫾ 2.1***

658
741
655
707
888
779
785
660
813

After removal from
Mal to Mal

a
Cells were preincubated on SC⫹Glu plates in air at 25°C and replated onto
SC⫹Glu⫹phloxine B plates and incubated in 5% CO2 at 25°C for 5 days. ***, P ⬍
0.001 (relative to WT; Student’s t test). Switching frequency, the percentage of the
colonies that showed an alteration of the original phenotype, is displayed as means ⫾
SD of the results of three independent experiments carried out with the same strain. n,
total number of colonies counted for each strain.

factors Wor1, Efg1, Wor2, and Czf1 (Fig. 4C). Wor1 is the master
regulator; Efg1 plays an inhibitory role in Wor1, while Wor2 and
Czf1 play activating roles in this feedback circuit that maintains
the metastable white and opaque states (41). A recent study indicated that an additional transcription factor, Wor3, plays a role in
controlling this loop (64). Mediator is known to directly impact
transcription, and modeling studies suggested that changes in the
steady-state levels of the key regulators of the white-opaque switch
are a straightforward way to explain changes in switching frequencies (65). Hence, we tested the steady-state mRNA levels of WOR1,
EFG1, WOR2, and CZF1 by RT-qPCR in both white and opaque
cells of the WT, med5⌬/⌬, med16⌬/⌬, med9⌬/⌬, med20⌬/⌬, and
med12⌬/⌬ strains and in white cells of the med3⌬/⌬ strain since
we could not obtain opaque cells of this mutant. Figure 4A shows
that most Mediator mutant strains, in general, did not exhibit
dramatic differences in the expression profiles of the four key
players. However, we observed the following differences in mRNA
levels compared to WT white or opaque cell levels: med16⌬/⌬
opaque cells had higher EFG1 and lower WOR2 levels; med20⌬/⌬
white cells had a higher WOR2 level that correlated with their
increased white-opaque switching frequency; med1⌬/⌬ white
cells had lower WOR1 and WOR2 levels, despite the relative stability of the opaque state; med3⌬/⌬ white cells had much higher
levels of WOR1 and WOR2 and a lower level of EFG1 but still
could not switch to opaque; and med12⌬/⌬ white cells had higher
WOR2 and CZF1 levels but opaque cells had lower WOR1 and
WOR2 levels that are consistent with the compromised opaque
state stability in this strain. The lower levels of WOR1 and WOR2
transcript in the opaque cell culture do not appear to be a result of
“contaminating” white cells that arise from the high opaque-white
switching frequency in the med12⌬/⌬ strain. Under conditions of
ectopic Wor1 expression that maintain the med12⌬/⌬ cells in the
opaque state, the endogenous levels of Wor1 are still decreased
relative to the WT levels (see below).
We used immunoblotting to determine whether Wor1 protein
levels in selected mutants (Fig. 4B) exhibited a trend similar to that
seen with respect to the steady-state mRNA levels revealed by RTqPCR (Fig. 4A). Akin to the surprising upregulation of the Wor1
circuit in med3⌬/⌬ white cells, we also detected an elevated level of
Wor1 protein in this strain compared to the WT.
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After removal from
Mal to Glu

C. albicans strain

Opaque (%)

n

Opaque (%)

n

WT
WT; PMAL-WOR1-3HA
med3⌬/⌬
med3⌬/⌬; PMAL-WOR1-3HA
med12⌬/⌬
med12⌬/⌬; PMAL-WOR1-3HA

⬍10⫺3
100
⬍10⫺3
100*
⬍10⫺3
100

1,012
1,119
480
533
598
546

⬍10⫺3
79.0 ⫾ 14.3
⬍10⫺3
⬍10⫺3
⬍10⫺3
47.4 ⫾ 18.3

908
1,642
585
451
745
1,090

a
Cells from the med3⌬/⌬ strain with ectopically expressed WOR1-3HA under the
control of the PMAL promoter formed an altered opaque colony morphology on
SC⫹Mal⫹phloxine B plates. When opaque cells are removed from maltose plates to
glucose plates, med3⌬/⌬ grew as typical white colonies (Fig. 5C). At least 3 independent
WOR1-overexpression strains for each WT and Mediator mutant were analyzed and
showed similar results (data not shown).

Ectopic Wor1 expression activates the Wor1 circuit in
med3⌬/⌬ and med12⌬/⌬ mutants. Spontaneous and induced
white-opaque switching is highly impaired in the med12⌬/⌬ mutant and undetectable in the med3⌬/⌬ mutant. To determine how
efficiently the Wor1 circuit could respond to the master regulator
of the switch, we ectopically expressed Wor1 in these mutant
strains. In mutant strains that have impaired white-opaque
switching, overexpression of Wor1 was typically able to drive the
formation of opaque cells in most previously tested mutant strains
and of “opaque-like” cells in the wor1⌬/⌬ and wor2⌬/⌬ strains
(38–41, 51, 52, 60). We hypothesized that the ability of Wor1 to
stabilize the opaque state in the med3⌬/⌬ strain was impaired,
even when the self-sustaining feedback loop was activated. To test
our hypothesis, we transformed the PMAL-WOR1-3HA transgene
(51) into the med12⌬/⌬ and med3⌬/⌬ mutant strains. We assessed cell morphology and WOR1 expression levels in these cells
grown under the noninduced (Glu) and induced (Mal) conditions
(Table 3 and Fig. 5). Ectopic WOR1 expression led to 100% conversion to the opaque state in the med12⌬/⌬ mutant with colony
and cell morphology similar to those of the WT (data not shown).
Although ectopic WOR1 expression in the med3⌬/⌬ mutant
drove the Wor1 circuit, the cells and colonies showed an altered
morphology growing on SC⫹Mal⫹phloxine B plates that was distinct from that of typical opaque cells (see below). To show that
the endogenous WOR1 autoactivation circuit was still functioning
in the med3⌬/⌬ mutant (and med12⌬/⌬ mutant), we took advantage of the 3XHA tag fused with ectopic WOR1 to discriminate
ectopically expressed WOR1 and endogenous WOR1. By using
primers targeting the 3XHA of ectopic WOR1 and the 5= untranslated region (5=UTR) of endogenous WOR1, we found that both
the ectopic WOR1 and endogenous WOR1 were expressed at increased levels in the med3⌬/⌬ mutant and med12⌬/⌬ mutant under inducing conditions (Fig. 5A). These mutants showed a level
of ectopic WOR1 expression similar to that seen with WT cells,
both at the mRNA level and at the protein level. The ectopic
WOR1 induced the expression of endogenous WOR1 in the mutants but at lower levels than those seen with the WT (Fig. 5A). We
also tested ectopic and total Wor1 protein levels by using anti-HA
antibodies and anti-Wor1 antibodies. As shown in Fig. 5B, the
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FIG 5 Ectopic Wor1 expression activated the Wor1 circuit and altered morphologies in med3⌬/⌬ and med12⌬/⌬ mutants. (A) RT-qPCR analysis shows that
ectopically expressed WOR1 induces endogenous WOR1 expression in both med3⌬/⌬ and med12⌬/⌬ mutants. Endogenous WOR1 was measured by primers
targeting the 5=UTR of endogenous WOR1 (based on RNA-seq data from reference 63). Ectopic WOR1 was measured by primers targeting the end of the WOR1
ORF in junction with 3HA. The qPCR was performed in triplicate. Results were normalized to ACT1. Bars represent means ⫾ SD. *, P ⬍ 0.05 (t test for the
comparison between WT and med3⌬/⌬ in SC⫹Glu); **, P ⬍ 0.01 (t test for comparisons between WT and med3⌬/⌬ and med12⌬/⌬ in SC⫹Mal). (B)
Immunoblotting using an anti-HA antibody showed that ectopic Wor1-3HA protein expression was detected at similar levels in med3⌬/⌬ and med12⌬/⌬
mutants compared with the WT; however, densitometry of the Wor1 band (␣-Wor1) band under conditions of ectopic Wor1 expression showed that the total
amount of Wor1 was reduced by ⬃50% in the med3⌬/⌬ and med12⌬/⌬ strains compared to the WT. An antibody against tubulin was used as a loading control.
(C) A med3⌬/⌬ mutant with ectopic Wor1 expression formed an altered opaque colony morphology. Cells were preincubated on either SC⫹Glu or SC⫹Mal
plates for 3 days and replated onto phloxine B plates. Photos were taken with a Nikon SMZ1500 stereomicroscope (Nikon Instruments). (D) Measurement of cell
dimensions showed that ectopic Wor1 expression induced altered cell morphology in a med3⌬/⌬ mutant. The percentage of elongated cells (length/width ⬎ 2)
was significantly less in the med3⌬/⌬ mutant than in the WT and complemented strains. Cells were harvested from SC⫹Glucose (WT Whi and Opa, OFF) or
SC⫹Mal (ON) liquid culture for microscopic analysis. A minimum of 50 cells was observed for each morphology evaluation. l, length; w, width (maximum
diameter) (40). For representative figures of individual cell morphologies, see Fig. S2 in the supplemental material.

med3⌬/⌬ and med12⌬/⌬ mutants had a Wor1-3XHA level similar
to that seen with the WT when being induced. However, they had
less than half the concentration of total Wor1 protein compared to
the WT. This difference could come only from a decrease in the
endogenous Wor1 protein level. Under conditions of ectopic
WOR1 expression, the med3⌬/⌬ colonies showed wrinkling and
reduced phloxine B staining (Fig. 5C) compared to the flat opaque
WT colonies. Additionally, the cell dimension under liquid
growth conditions was much less elongated in the mutant than in
the WT cells (Fig. 5D). The wrinkled colony morphology of the
med3⌬/⌬ strain was a result of the ectopic expression of Wor1, as
the med3⌬/⌬ strain (without the Pmal-WOR1-3HA transgene)
produced colonies on the inducing media (SC⫹Mal) (data not
shown) that looked equivalent to those seen with the SC⫹Glu
media. However, it is interesting that, even under noninducing
conditions, the med3⌬/⌬ cells adopted a somewhat intermediate
phenotype between the white and opaque states (Fig. 5D; see also
Fig. S2 in the supplemental material).
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The self-sustaining property of the WOR1 feedback loop in
WT cells ensures that once it is activated, it persists for many
generations and maintains the opaque state (40). We had shown
that this loop could be activated in the med3⌬/⌬ and med12⌬/⌬
mutants by ectopically expressed Wor1 to form cells of an altered
morphology. To determine if this state was stable, we removed the
opaque cells growing on SC⫹Mal to SC⫹Glu plates to shut down
ectopic WOR1 expression. We then counted the percentage of
opaque cells under this noninduced condition (Table 3). As expected, WT cells can maintain the opaque state, as the majority of
colonies formed on SC⫹Glu were opaque. This ability was weakened in the med12⌬/⌬ mutant, as half of colonies were opaque.
This low percentage of opaque cells in the med12⌬/⌬ mutant was
likely the result of the high level of opaque-white switching in this
mutant (Table 1). Consistent with the observation that the opaque
state was unstable in the med3⌬/⌬ mutant, we observed 100%
reversion of the altered morphology to white cells upon removal
from the induced condition to the noninduced condition. This
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TABLE 4 The med3⌬/⌬ mutant shows highly impaired mating
behaviora
Mating efficiency
Strain
WT opaque
WT white
med3⌬/⌬
med3⌬/⌬; Pmal-WOR1-3HA
med12⌬/⌬ opaque
med12⌬/⌬; Pmal-WOR1-3HA

YPD

YPMal
⫺2

(3.6 ⫾ 0.8) ⫻ 10
⬍10⫺5
⬍10⫺5
⬍10⫺5
(1.7 ⫾ 0.9) ⫻ 10⫺3
(1.4 ⫾ 0.2) ⫻ 10⫺3

(3.9 ⫾ 1.5) ⫻ 10⫺2
⬍10⫺5
⬍10⫺5
⬍10⫺4
(4.2 ⫾ 2.1) ⫻ 10⫺3
(1.5 ⫾ 0.4) ⫻ 10⫺2

a
The quantitative mating assay was performed on YPD or YPMal plates supplemented
with adenine for 3 days before cells were replated onto selective plates. All the strains
listed in the table were MTLa/a and were mated with the same MTL␣/␣ strain. The
results shown in this table represent averages of the results of three independent
experiments, with more than 1,000 colonies counted for each mating pair.

feature distinguished the med12⌬/⌬ mutant from the med3⌬/⌬
mutant. Under conditions of ectopic Wor1 expression, both the
med12⌬/⌬ mutant and the med3⌬/⌬ mutant exhibited activation of the Wor1 feedback loop at decreased levels, but only the
med12⌬/⌬ mutant cells could maintain the circuit once it was
activated.
med3⌬/⌬ mutant cells are incapable of mating. C. albicans
incorporates white-opaque switching into mating behavior—
only MTL homozygous strains can switch and only opaque cells
are capable of mating (66). We were interested in how mating was
affected in the med3⌬/⌬ mutant. This mutant exhibited several
unique features: it did not have an opaque state that was stable
enough for observation (Table 1); it upregulated opaque statespecific gene expression (WOR1, WOR2, OP4) and downregulated white state-specific gene expression (EFG1, WH11) in the
white state (Fig. 4 and data not shown); and ectopic expression of
Wor1 activated the Wor1 circuit but led to an altered morphology
that was not stable when the ectopic Wor1 expression was shut
down. In particular, we wanted to know if med3⌬/⌬ white cells
and the “enforced” altered-morphology cells could mate with cells
of the opposite mating type. We compared the mating efficiency of
these cells with WT MTL ␣/␣ cells (AZC19) to the mating efficiency of WT MTL a/a cells (AZC133) with WT MTL ␣/␣ cells on
either YPD or YPMal plates. We never observed any successful
mated cells from med3⌬/⌬ white cells on media containing glucose or maltose (Table 4) or from med3⌬/⌬ PMal-WOR1-3HA
cells on glucose plates. However, for med3⌬/⌬ PMal-WOR1-3HA
cells growing on maltose plates, where ectopic Wor1 was expressed, we occasionally did observe one or two colonies on the
doubly selective plates of the thousands tested. This result suggests
that the deletion of the Med3 subunit severely impaired both the
cell’s ability to switch from white to opaque and its ability to mate
efficiently. As controls, we also tested the mating efficiency of the
med12⌬/⌬ mutant either with or without Wor1 overexpression.
In both cases, the cells showed mating efficiency similar to that of
the WT strain when ectopic Wor1 was induced, largely due to the
stabilization of the opaque state by Wor1 overexpression.
DISCUSSION

In all eukaryotes, Mediator has been shown to be a central hub of
both positive and negative transcriptional regulation (7). Many
mechanisms for Mediator have been invoked, including effects on
initiation, reinitiation, elongation, and chromatin structure, via
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interactions with different factors (7, 8). The utilization of each of
these mechanisms is likely to be dependent on different Mediator
subunits and the identity of the protein, chromatin, and nucleic
acids involved in the regulation of particular loci. Historically, the
effect of particular Mediator mutations on transcription has been
assessed by measuring differences in steady-state mRNA levels of
specific genes. What emerges, in many cases, is a picture of Mediator as a molecular rheostat that facilitates certain levels of transcriptional activation or repression. Transcriptional switches,
however, in which two or more stably heritable transcriptional
states are adopted spontaneously or in response to an environmental cue, are of immense importance in microbes (67) and in
many metazoan phenomena such as stem cell differentiation (68).
Investigating the metastable white-opaque switch in C. albicans
has allowed us to investigate the role of Mediator in the stability of
epigenetic transcriptional states and how this relates to its effect on
mRNA levels. Modeling studies have suggested that changes in
expression levels of the key regulators of the switch have predictable effects on the directionality and frequency of switching (64).
We have shown that different caMediator subunits can have dramatically different effects on the directionality, frequency, and
environmental induction of epigenetic switching. These effects,
however, are not always accompanied by the predicted changes in
expression level of key regulators of the switch and suggest that
Mediator can affect the stability of epigenetic states on multiple
levels. The effect of each caMediator mutant on white-opaque
switching has revealed important information about Mediator
functionality that will be the basis for future mechanistic studies
and provide important new information on the regulation of
white-opaque switching.
Although components of the Cdk8 module, such as Med12, in
yeast have been commonly associated with transcriptional repression (9), here the module appears to be necessary for high levels of
activation of the WOR1 and WOR2 promoters. Of all the subunits
tested, only the med12⌬/⌬ mutant exhibited decreased levels of
WOR1, and its required partner WOR2, in the opaque state (Fig.
4A). Consistent with a defect in the upregulation of WOR1, the
med12⌬/⌬ mutant showed a shift similar to that seen with a
wor1⌬/⫹ heterozygote (34) in the kinetics of switching from
opaque to white at 37°C (Fig. 3). It appears that this defect could
be a result of inefficient activation of the WOR1 or WOR2 promoters by Wor1, as ectopic expression of Wor1 still leads to lower
levels of the endogenous transcript. This finding is consistent with
destabilization of the opaque state observed in the switching assays (Table 1). A role for the Cdk8 module in activated transcription is beginning to become more widely appreciated (69). Despite the lower activation levels of the Wor1 circuit in med12⌬/⌬
opaque cells, the mutant is still capable of a mating efficiency that
is comparable to that of the WT in the presence of ectopically
expressed Wor1 (Table 4). We speculate that the decreased mating
efficiency of med12⌬/⌬ opaque cells in the absence of ectopically
expressed Wor1 may result from opaque cells switching back to
white during the course of the assay (Table 4). The med3⌬/⌬ mutant, which also destabilizes the opaque state, provides an interesting contrast to the med12⌬/⌬ strain.
As shown in studies based on work in S. cerevisiae, Med2,
Med3, and Med15 are part of a submodule of the Tail that is
primarily involved in activated transcription (70), although Med3
has been proposed to play a role in repression as well (71). Both
the med3⌬/⌬ and med15⌬/⌬ strains are unable to switch to the
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opaque state (Table 1), even under environmental conditions
that induce white-opaque switching up to 40-fold in WT cells
(Table 2). In contrast to the med12⌬/⌬ mutant, and despite its
inability to switch, the med3⌬/⌬ mutant appears to have partially derepressed the Wor1 circuit in white cells (Fig. 4). The
med3⌬/⌬ mutant, however, does not appear to have the potential to fully activate the Wor1 circuit, as the level of endogenous
Wor1 driven by the ectopic expression of Wor1 is significantly
lower than in the WT opaque cells (Fig. 5A and B). In addition
to the lower levels of Wor1, the ectopic expression of Wor1 in
the med3⌬/⌬ mutant leads to a cell morphology that differs
considerably from the traditional opaque morphology (Fig. 5C
and D). Moreover, the med3⌬/⌬ mutant, under conditions of
ectopic Wor1 expression, has mating efficiency that is extremely reduced compared to that of the WT strain or even the
med12⌬/⌬ strain under conditions of ectopic Wor1 expression
(Table 4). In combination, these results indicate that the
Med2(Tlo)/Med3/Med15 Tail submodule has downstream effects from the Wor1 circuit that are necessary for true opaque
cell morphology and mating behavior, beyond the direct effects
on the Wor1 circuit itself. The finding that the med3⌬/⌬ mutant cannot maintain the altered morphology after withdrawal
of ectopic Wor1 expression (Table 3) indicates that these
downstream effects likely provide feedback to the Wor1 circuit.
Further analysis of the med3⌬/⌬ mutant could help reveal the
genes that define the opaque morphology and the mating behavior.
In contrast to the med3⌬/⌬ and med12⌬/⌬ mutants, the
opaque state is stabilized relative to the white state in the med1⌬/⌬
and med20⌬/⌬ mutants (Table 1). Although both the med1⌬/⌬
and med20⌬/⌬ mutants exhibit decreased opaque-white switching, neither has an obvious change in the opaque mRNA levels of
Wor1 that would explain the decrease (Fig. 4A). In the case of the
med20⌬/⌬ mutant, it is possible that increased levels of CZF1
could buffer fluctuations in Wor1 levels and lead to less frequent
opaque-white switching. However, the increased CZF1 level in the
opaque state does not appear to translate into decreased EFG1
levels such as the circuit would predict. Despite the med1⌬/⌬ and
med20⌬/⌬ mutants having similar decreases in spontaneous
opaque-white switching frequencies, the med20⌬/⌬ mutant has a
substantially longer delay in switching at 37°C (Fig. 3). It is possible that the signaling pathway that leads to switching at 37°C is
partially functional at 25°C and that the decrease in spontaneous
opaque-white switching at 25°C in the Med20 deletion results
from a defect in this pathway in the med20⌬/⌬ strain. It is still
unclear how the signaling pathway from growth at 37°C to
opaque-white switching occurs, and looking at the temporal pattern of gene expression changes upon switching at 37°C in the
med20⌬/⌬ mutant could shed new light on this issue. Given our
recent studies of the importance of Mediator in silencing telomeres (26, 27), it is of interest that both the med1⌬/⌬ and
med20⌬/⌬ mutants can be viewed as decreasing the stability of the
epigenetically silenced (white) state of the Wor1 circuit. It is unclear what genes, if any, have been derepressed to achieve this
result, although the increase in WOR2 expression in med20⌬/⌬
white cells might be a clue (Fig. 4A). It is interesting that several
histone deacetylase mutants also led to increased white-opaque
switching combined with decreased (Hst1) (51) or unchanged
(Hda1, Rpd31) (50) opaque-white switching. The med1⌬/⌬ and
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med20⌬/⌬ mutants, as well as the med9⌬/⌬ and med16⌬/⌬ mutants, may exert their effect through an impact on chromatin.
The med9⌬/⌬ and med16⌬/⌬ mutants belong to an unusual
class of white-opaque switching mutants that increase switching
frequencies in both directions (Table 1). The only other two mutations found to have a similar impact are deletion of CAC2, which
is part of the CAF-1 complex that functions mainly in replicationcoupled nucleosome assembly (52), and deletion of RPD3, a histone deacetylase associated with transcriptional repression (49).
With the exception of the increased EFG1 expression in
med16⌬/⌬ opaque cells, there appear to be no significant changes
in the expression levels of the key components of the Wor1 circuit
(Fig. 4A). This finding is consistent with modeling studies (65) of
the interlocking feedback loop that predict that simple changes in
the expression level of a component(s) of the circuit would lead
to unidirectional changes in switching frequency (i.e., an increase
in Wor1 production leading to an increase in white-opaque
switching frequency accompanied by a decreased opaque-white
switching frequency). The med9⌬/⌬ and med16⌬/⌬ mutants appear to have roles in the stability of both of the epigenetic states.
Two parameters in the modeling studies that can decrease the
stability of both states are an increase in noise or a decrease in the
cooperativity of promoter binding by the DNA-bound regulators.
Assessing the noise in Wor1 expression in single cells by green
fluorescent protein (GFP) tagging of Wor1 indicates that the
med16⌬/⌬ mutant has cellular Wor1-GFP noise in opaque cells
similar to that seen with the WT or other mutants (see Fig. S1 in
the supplemental material). An alternative explanation supported
by previous studies is that there are specific chromatin structures
associated with both epigenetic transcriptional states and that mutations which impair the formation of these structures can impair
the stability of one or both states (50, 52). Previous studies of the
med16⌬ mutation in S. cerevisiae support the idea that Med16
could impact the stability of chromatin structures and epigenetic
states (22, 26), although the mechanism is still unclear. It is interesting that deletion of the Med5 subunit, which is anchored
through the Med16 subunit (Fig. 1 and 2) and affects telomeric
silencing in S. cerevisiae (26), had no effect on white-opaque
switching. Lastly, our studies of purified med16⌬/⌬ Mediator have
revealed an interesting change in protein-protein interactions that
has occurred within the Mediator complex during fungal evolution. Since Med16 is required for the stable incorporation of the
Med2/Med3/Med15 Tail submodule into scMediator (72), we
were surprised by the dramatic differences in switching between
the med16⌬/⌬ strain and the med3⌬/⌬ and med15⌬/⌬ strains.
Our purification of a med16⌬/⌬ caMediator that retained the
Med2(Tlo)/Med3/Med15 Tail submodule not only reconciled the
switching data but revealed that, although there are orthologs for
all the scMediator subunits in C. albicans, rewiring of interactions
among the subunits can occur. These changes in the network of
Mediator subunit interactions are reminiscent of the changes in
the wiring of transcription factor networks among fungi (73) and
could also potentially occur also through the exchange of weak
protein-protein interactions during evolution.
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